The optical band gap energy of ZnO nanorods was estimated by different methods found in literature. These nanorods were deposited onto TiO 2 covered borosilicate glass substrates by aerosol assisted chemical vapor deposition. Characterization techniques were employed to reveal the crystalline structure, surface morphology and optical properties of the sample. The analysis proved that hexagonal cross-section ZnO nanorods in the wurtzite phase were grown onto a TiO 2 buffer thin film of anatase. Variations in the components of transmittance and reflectance were associated with the development of a rough surface. Such fluctuations were correlated with the equations employed to estimate the optical band gap. The different methods indicated band gap values of 3.17 to 3.24 eV. The energy band gap of 3.24 eV agrees to that reported in the literature for ZnO nanorods. Fluorescence spectroscopy confirmed the accuracy of the mathematical predictions since an emission at 380 nm (3.26 eV) was seen.
Introduction
Photo activated applications such as solar cells, H 2 generators and photocatalysis, generally require the knowledge of the refractive index, absorption coefficient, band bap (BG) or any other optical parameters that serve to predict the performance of the employed materials [1] [2] [3] [4] [5] . The term BG is usually determined when the photo stimulated generation of electrons and holes at a certain wavelength is required, leading to a more accurate employment of the light sources and materials according to the selected application. In practice, the estimation of the BG becomes feasible within the use of indirect methods, commonly by the Tauc's plot, which demands the computation of the absorption coefficient (α). Then, α can be determined from the fitting or processing of ellipsometric or spectroscopic measurements 1, 2 . According to literature, the employment of the ellipsometric technique is often recommended as it can lead to the determination of more reliable optical properties. However, it is still an indirect methodology that requests fitting models for the analysis of the data. Nevertheless, the available models are not suitable for all nanostructures, particularly when a rough surface has been developed 1, 2 . In fact, this is why the utilization of the spectrophotometric technique combined with standard optical equations that require the measurement of only Transmittance and Reflectance is commonly accepted [6] [7] [8] [9] [10] . As a matter of fact, for those cases when a precise definition of the BG is desired or when possible substrate interference is detected, transport theories, specifically the KubelkaMunk (K-M) method, are employed 3, 4, [11] [12] [13] . Nevertheless, it is believed that such method has limited applicability and so, several modifications have resulted. Nonetheless, the adoption of alternative techniques implies a more complex examination of the data, comprising all possible surfaces and light interactions 4, 5, 11 . As a consequence and based on the simplicity of the spectrophotometric measurements, the adoption of the simple mathematical expressions remain a common practice in literature to report the BG value.
Therefore, since the variation in the BG is often claimed when the different optical equations or models are adopted, a comparative study among the various methods, including the K-M theory, was performed in order to estimate the BG value of a rough sample of ZnO nanorods and to establish applicability limitations of the formulas. ZnO in the form of nanorods was chosen because it is suitable in all of the aforementioned applications 2,5,7,9,10 and its 1D morphology is preferably among other morphologies 9,10 .
Materials and methods

Synthesis
A sample consisting of ZnO nanorods was grown onto TiO 2 coated borosilicate glass substrate (BGS), using the aerosol assisted CVD technique. The synthesis of the ZnO nanorods sample, Z, followed the conditions reported previously by Sáenz-Trevizo et al. 15 
Characterization
The crystalline phases were determined by grazing incidence x-ray diffraction (GIXRD). The experiment was a Centro de Investigación en Materiales Avanzados S.C., Chihuahua, Chihuahua, CP 31136, México carried out in a Panalytical X-Pert system, set at the following conditions: a Cu Kα radiation (λ = 0.1542 nm) operated at 40 keV and 30 mA, a grazing incidence angle of 0.5º, a scanning angle 2θ varied in range from 20° to 80°, with a step size of 0.05° and step time of 2.75 s. Surface morphology was analyzed by scanning electron microscopy (SEM) in a field emission JEOL JSM-7401F microscope. The total, diffuse and collimated components of the reflectance and transmittance for the BGS substrate, TiO 2 coated substrate and ZnO nanorods sample, were measured in the UV-VIS-NIR interval using a CARY 5000 spectrophotometer equipped with a DRA2500 integrating sphere accessory, as suggested in earlier studies 11 . Spectral collimated component was determined by subtracting the spectral diffuse component from the total measurement. Moreover, the fluorescence spectrum of the sample was measured using a modular spectrofluorometer Horiba Fluorolog-3, which uses a 450-W Xenon CW lamp as excitation source. The excitation wavelength was set at 325 nm, while the interval of emission was in the range of 300 nm to 800 nm with a step of 5 nm. The fluorescence signal was detected at a 45º viewing mode for the incident light and that of emission. A slit of 1 nm was used for excitation and emission. The whole process was carried out at room temperature (293 K).
Results and discussion
Crystalline structure, morphology and optical properties
Diffractograph from the sample by GIXRD appears in Figure 1a . It is clear from the figure that sharp and defined peaks were detected during the analysis, which matched precisely with the synthesized tetragonal anatase and hexagonal wurtzite phases of TiO 2 buffer thin film and ZnO layer of nanorods, respectively. Furthermore and as it can be seen in micrograph in Figure 1b , the as grown ZnO nanorods appeared mostly oriented following the [001] direction perpendicular to the substrate's surface, associated with the intense peak in Figure 1a that agrees with the (002) family planes of ZnO. From Figure 1b , the columnar and hexagonal cross-section morphology of the ZnO nanorods was also evidenced. Results matched with the information presented earlier by Sáenz-Trevizo et al. 15 . Additionally, according to the morphology and orientation of the layer of nanorods, the development of a rough sample was considered.
Total transmittance (T) and reflectance (R) spectra of sample Z along with their diffuse components (T D and R D ) appear in Figure 2 . From this figure, it is noticeable that the main sample-light interactions are diffuse in both cases, associated with the roughness of the surface. Measured T and R were the properties of the stack BGS -TiO 2 -ZnO nanorods layer considered for the analysis.
In order to evaluate the contribution of the bare BGS and TiO 2 coated BGS on the optical properties of sample Z, the total transmittance and reflectance spectra of both materials were measured. Results appear in Figure 3a and b, for bare BGS and TiO 2 coated BGS, respectively. From the figure it is evident that for both cases, the collimated component of the reflectance and transmittance were mainly detected. This effect was related to the surface conditions, as its roughness was almost negligible even when a thin layer of TiO 2 was grown onto the BGS. Moreover, it was also clear that the transmittance and reflectance profiles of TiO 2 coated BGS, differ considerably from those of the bare BGS, corroborating the presence of the buffer thin film onto it. Noteworthy, the reflectance spectra of sample Z in Figure 2 , presents a completely different profile to those seen on bare BGS and TiO 2 coated BGS substrates in Figure 3 , suggesting that the influence of the substrate is almost irrelevant when the optical properties of the stack structure are measured.
Band Gap approximation using standard optical equations
Several theoretical expressions named standard, as well as adaptations to the K-M method were used to compute α at each wavelength. All employed equations appear summarized in Table 1 . Later on, α was used to estimate the optical BG energy using the Tauc's plot method 16 following the relationship:
where B is a parameter independent of the photon energy E, Eg is the optical band gap energy and the exponent m depends of the type of transition between bands. Since an allowed direct transition is considered for ZnO, m = ½ for our estimations.
Two common standard equations (M1 and M2) were used as initial approximations for BG estimation. Employed equations appear in Table 1 . As all possible light -surface interactions are included in total T and R spectra, only these measured quantities were considered. Resulting Tauc's plots appear in Figure 4 . For both intercepts over the energy axis of the extrapolated linear portion of the plots indicated a BG of 3.24 ± 0.01 eV for the nanostructure. Additionally, for M1 and M2 in Figure 4a and b, no distinguishable differences were observed in the plotted profile, possibly due to the similarities of the employed formulas, including the natural logarithm, and even though the total reflectance was considered in M2. Slight variations can be observed for energies below the band gap energy, where the values of reflectance are higher. Optical properties of bare BGS and TiO 2 covered BGS substrates. a) total (R BGS , R Ti ) and collimated (R C BGS , R C Ti ) components of reflectance spectra and b) total (T BGS , T Ti ) and collimated (T C BGS , T C Ti ) components of transmittance spectra. Total components are mainly constituted by specular interactions for both samples.
Band Gap determination using the KubelkaMunk method
Based on the development of a very rough surface, due to the existence of mainly diffuse interactions of the sample with light and despite the fact that incident light employed for the measurement of T and R 11, 12 was collimated, the application of the K-M method for BG estimation is suitable. Actually, two cases are applicable for the computation of α: the first one, neglecting the influence of the substrate (M3) and the second one, considering all substrate-coating interactions (M4). The application of M3 derived from the K-M theory disregards any contribution from the substrate. This situation physically corresponds to a layer that is so thick that it is effectively opaque and so, hides the substrate completely 12, 13 . The later assumption is supported with the [12] [13] [14] .
Formulas for practical use according to K-M theory summarized by Kubelka 13 .
T measured total transmittance; R measured total reflectance; t nanorods average length equals to 1.5 µm; R 0 measured diffuse reflectance; T D measured diffuse transmittance; R∞ reflectance of an infinite thick layer; R K-M total reflectance according to K-M equations; S dispersion coefficient; K absorption coefficient = α; Rg = R D BGS measured reflectance of the substrate; a and b defined as K-M constants.
observations in Figures 2 and 3 , from where it was seen that the main reflectance component of the sample was diffuse and also, that the measured transmittance and reflectance components of both possible substrates was collimated, exhibiting a different profile to that seen on the whole stack sample. Thus, these postulates simplify the mathematical expressions that are used to explain the optical properties of the studied layer of material, as agreed by several authors [12] [13] [14] .
Therefore, for the current case, only the measurement of T D and R D , were needed. Noteworthy, the values of T D and R D closely resemble those values of T and R used in M1 and M2, since the diffuse components are predominant (see Figure 2 ). On the other hand, it was found in the literature that three possible routes for the computation of S were available. From the three mathematical expressions, only one led to different values of S after its computation, exhibiting a deviation of about 11% (Equations E-1 and E-2 in Table  1 ). However, both formulas had negligible impact on Tauc's plot as they generated the same BG values, around 3.24 ± 0.01 eV. Results of the application of M3 appear in Figure 5 .
An alternative route for BG estimation following K-M theory considers the contribution of the substrate (M4, results shown in Figure 6 ). For this case, a set of more complex equations become available and demand the knowledge of the substrate reflectance (R g ). As a first approximation we considered R g = R D Ti , since the interaction of the substrate with the nanostructure or the air is different. Even though R D Ti is almost insignificant (from Figure 3a) , its inclusion resulted in an estimation of the optical BG of 3.17 ± 0.01 eV. This value of BG implied a shift of the absorption to higher wavelengths (around 391 nm instead of 382 nm for 3.24 eV). Previous result suggests that R g should be lower than R D Ti , consistent with the fact that the refractive index of ZnO is higher than that of air, and closer to that of TiO 2 . Consequently, outcomes from methods M1-M4 are in good agreement with the optical BG determined for ZnO nanorods despite the substrate employed and the dimensions of the nanorods 9, 10 . The fluorescence spectrum of the stack sample was obtained in order to compare the energy required to stimulate fundamental electronic transitions on the ZnO nanorods, with the computed values of BG achieved within the application of all methods (M1-M4). Figure 7 shows the resulting spectrum, it is clearly seen that various emissions were detected. Emissions at 325 nm and 650 nm resulted from first and second order scattering due to the selected excitation wavelength, respectively. The observed emission at 380 nm (FWHM 20 nm) was attributed to the direct recombination of electrons and holes within the material, suggesting a BG of approximately 3.26 eV, which matches at a great extent with the computed values resulting from M1 to M3. Additionally, a second order non linear emission related with previous phenomena was observed at 760 nm. Finally, a broad peak centered at around 510 nm (FWHM 100 nm) which could be associated to several mechanisms related with the structure of ZnO, including transitions between singly ionized oxygen vacancies and photoexcited holes, surface defects, among others, as announced and previously observed in other reports [17] [18] [19] . Interestingly, these emissions in the visible region are not dependent on the morphology of the ZnO. The fluorescent contribution of the substrate was not observed.
Conclusions
Despite total T and R from the stack sample consisted of mainly diffuse interactions, no differences among methods M1 through M3, for the derived values of the optical band gap, which was estimated as 3.24 ± 0.01 eV. A narrower band gap of 3.17 ± 0.01 eV was estimated when incorporating the almost negligible R g as the substrate contribution. The computation of the BG by standard equations was corroborated by fluorescence spectroscopy, which indicated that approximately 3.26 ± 0.09 eV of energy was required for the excitation of ZnO. Results indicated that all mathematical approximations are useful for the determination of the BG when other techniques are not available. However, it is appropriate to measure the optical properties of all involved surfaces in order to determine the nature of light-matter interactions.
